A B S T R A C T The first aim of this study was to determine whether the plasma glucose level can regulate hepatic glucose balance in vivo independent of its effects on insulin and glucagon secretion. To accomplish this, glucose was infused into conscious dogs whose basal insulin and glucagon secretion had been replaced by exogenous intraportal insulin and glucagon infusion after somatostatin inhibition of endogenous pancreatic hormone release. The acute induction of hyperglycemia (mean increment of 121 mg/dl) in the presence of basal levels of insulin (7+1 ,uU/ml) and glucagon (76+3 pg/ml) resulted in a 56% decrease in net hepatic glucose production but did not cause net hepatic glucose uptake.
INTRODUCTION
The role of glucose per se in regulating glucose production and storage by the liver has long been controversial. Early studies of Soskin et al. (1) in the dog and more recent experiments of Glinsmann et al. (2) in perfused rat liver and Bucolo et al. (3) in cross-perfused puppy livers have suggested that glucose plays the predominant role in suppressing hepatic glucose production and inducing hepatic glucose storage. Studies in vitro by Hers (4) have demonstrated that glucose, independent of insulin, can be a potent inhibitor of hepatic phosphorylase a and a potent stimulator of hepatic glycogen synthase. Similar observations have been made by Buschiazzo et al. (5) and Sparks et al. (6) . In addition, Ruderman and Herrera (7) have shown that glucose can inhibit gluconeogenesis in perfused livers from fasted rats.
Confirmation of these findings in vivo has not been forthcoming. Ishiwata et al. (8) raised plasma glucose levels in pancreatectomized dogs maintained on constant basal insulin infusions and did not observe a significant suppression of glucose production. Similarly, Wahren et al. (9) showed that human diabetics from whom insulin was withdrawn could not decrease splanchnic glucose production in response to glucose infusion. One difference between the in vitro and in vivo studies mentioned above was the absolute or relative lack of glucagon in the former (2-7) and the presence of normal or increased amounts of the hormone in the latter (8, 9) . The present experiments were undertaken to clarify the effect of glucose per se on hepatic glucose production in vivo and to determine whether the presence or absence of glucagon can modulate the effect of glucose.
METHODS
Experiments were carried out on 14 mongrel dogs (13-24 kg) of either sex. Silastic catheters were implanted under general anesthesia 17 days before study in the femoral artery and the portal, hepatic, and splenic veins as previously described (10) . On the day of study, 3.8-cm plastic catheters (17 gauge) were inserted percutaneously into a cephalic and a saphenous vein. The arterial, portal, and hepatic venous catheters were used for blood sampling, the splenic catheter was used for insulin and glucagon infusion, the cephalic catheter was used for cyclic somatostatin and cardiogreen infusion, and the saphenous catheter was used for glucose or (12) . Intraportal replacement infusions of insulin (300 ,uU/kg per min) and glucagon (1.0 ng/kg per min) were started simultaneously with somatotropin release-inhibiting factor infusion. The plasma glucose level was then monitored every 5 min and the rate of insulin infusion was adjusted to maintain normoglycemia. The glucagon infusion rate was never altered. The maximum change required in the insulin infusion rate was 50,U/kg per min and the final mean rate of insulin infusion was 295±18 ,uU/kg per min. The last alteration in the insulin infusion rate was made at least 30 min before the start of the control period. Thus, during the control period of all studies glucagon and insulin were infused at a constant basal rate. Only those studies in which the plasma insulin and glucagon levels achieved during the hormone replacement period were within 20% oftheir preinfusion values were included.
At time 120 min three separate protocols were initiated. In one group of dogs (n = 4), the basal intraportal infusions of insulin and glucagon were continued and a peripheral saline infusion was added. In a second set of dogs (n = 5), the basal infusion of insulin and glucagon was continued, but acute hyperglycemia was induced and maintained by intravenous glucose infusion in a manner described previously (13) . In a third set of dogs (n = 5), acute hyperglycemia was induced as in the previous protocol; however, coincidently the intraportal glucagon infusion was terminated and the insulin infusion alone was continued. The amount of glucose infused in the two hyperglycemic protocols was not fixed; rather, it varied according to the amount of glucose required to maintain comparable levels of hyperglycemia.
The collection and immediate processing of blood samples has been described elsewhere (14) , as has the method of calculation of net hepatic glucose production (14) and the methods of immunoassay used for determination of plasma insulin and glucagon (15, 16) .
RESULTS
The mean plasma insulin, glucagon, and glucose concentrations were similar during the control periods of all three protocols (Table I, Fig. 1 ). Saline infusion was without effect on any of the above parameters (Table  I, Fig. 1 ). Infusion of glucose produced increments in the plasma glucose level of 121 and 130 mg/dl, respectively, in the two protocols in which hyperglycemia was induced (Fig. 1) . The plasma glucose level was raised rapidly with a priming dose of glucose and was maintained thereafter by infusion at average rates of 3.34±0.1 and 5.21±0.2 mg/kg per min in the glucagon- (Table II) supported the hepatic glucose uptake data in that the liver glycogen levels in the animals which exhibited net glucose uptake were significantly greater (P < 0.01) than the hepatic glycogen levels in the other two groups. replaced and glucagon-deficient groups, respectively (Table I) . Total estimated hepatic blood flow did not change significantly during the study and averaged 36+5, 39+5, and 33+3 ml/kg per min in the salineinfused, glucagon-replaced hyperglycemic, and glucagon-deficient hyperglycemic groups, respectively.
The effects of these perturbations in plasma glucose and glucagon on net hepatic glucose balance can be seen in Fig. 2 (17) and that the sensitivity of the liver to glucose is restored by insulin treatment before perfusion. Hyperglycemia + basal insulin (isolated glucagon deficiency) (n = 5)
38.7±2.8* * Significantly different from other two protocols (P < 0.01).
The Roles of Glucose and Glucagon during Insulinopenia While the induction of hyperglycemia in the present study was capable of decreasing net hepatic glucose production it did not cause net glucose storage by the liver. This finding is not consistent with in vitro observations that glucose per se can activate glycogen synthase and can cause net hepatic glucose uptake and glycogen storage (2) (3) (4) (5) (6) . While many of the in vitro studies employed unphysiologically high glucose concentrations (up to 55 mM) some (2,3) used levels within the physiologic range. One possible explanation for the difference is that glucagon, which was absent or deficient in the in vitro studies (2-7) but present in normal or elevated amounts in the in vivo experiments (8, 9) , might influence the sensitivity of the liver to glucose. The present study was designed to test this possibility by controlling the glucose load delivered to the liver (the product of the blood glucose concentration entering the liver and hepatic blood flow) and by varying only the plasma glucagon concentration. Our findings demonstrate that the ability of the liver to handle a glucose load in the presence of a fixed basal amount of insulin was enhanced when glucagon was deficient. This observation thus supports the possibility that one of the reasons for the discrepancy between the in vitro and in vivo studies was the differing glucagon concentrations.
The present study thus suggests that under certain circumstances glucagon may play a role in determining the ability of the body to handle a glucose load. Initially, Unger and Lefebvre proposed that the decline in plasma glucagon seen during glucose ingestion was of considerable importance in reducing opposition to insulin-induced hepatic glucose uptake (18) . More recently, Sherwin et al. (19) showed that oral glucose tolerance in normal man was similar in the presence of basal or elevated glucagon concentrations suggesting that glucagon played little or no role in determining the rate of glucose disposal when hyperglycemia was accompanied by hyperinsulinemia. Many insulindependent diabetics, however, cannot respond to a glucose challenge with enhanced insulin secretion and are dependent upon insulin injected several hours earlier to handle an incoming glucose load. Such diabetics, however, have basal levels of glucagon and may actually increase their glucagon levels if protein is ingested along with carbohydrate. The results of the present study suggest that during insulinopenia, when the body cannot respond to a glucose challenge with enhanced insulin secretion, the plasma glucagon level can determine the ability of the liver to dispose of a glucose load and can thereby affect the resulting blood glucose level. These results, if applicable to diabetic man with low but fixed circulating insulin levels, would suggest that suppression of glucagon secretion at times of mixed meal ingestion would reduce postprandial hyperglycemia.
Implicit in the use of somatostatin in studies such as this is the assumption that any nonpancreatic actions which it has have no effect on glucose production. This assumption is supported by the finding that simultaneous replacement ofboth insulin and glucagon during somatotropin release-inhibiting factor administration at a rate of 0.8 ,ug/kg per min prevented significant changes in any of the measured parameters. Such findings are also in agreement with our previous data (12), with our observation that somatostatin failed to significantly alter basal or hormone stimulated glucose output by hepatocytes (20) and with our finding that somatotropin release-inhibiting factor failed to alter basal or hormone-stimulated glucose uptake by fat or muscle (20) . The lack of an effect of somatostatin on the liver in vitro is in agreement with the work of some (21, 22) but not all others (23, 24) . It should be noted, however, that even when effects of somatostatin on glucose production have been observed, the concentration of the peptide required to elicit the effect was substantially greater than the levels which result from the infusion of the peptide into whole animals at rates similar to those used in the present study.
In conclusion, (a) hyperglycemia of 230 mg/dl in the presence of basal amounts of insulin and glucagon is capable of exerting a significant inhibitory effect on net hepatic glucose production but cannot convert the liver to an organ of net glucose storage; and (b) in the presence of basal plasma insulin, the ability of hyperglycemia to stimulate net hepatic glucose storage is influenced by the plasma glucagon concentration.
